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Abstract 
Cellulose is an abundant and naturally occurring biopolymer that has been used by humans for 
food, shelter, and clothing for about two centuries now. Highly crystalline nanoparticles derived 
from cellulose, called cellulose nanocrystals (CNCs), show great potential to meet the rising need 
for sustainable and nontoxic materials for biomedical applications. However, multiple biomedical 
applications of CNCs, such as those involving their use in tissue engineering scaffolds, require 
CNC-based structures to be stable in aqueous environments, a property that native CNCs do not 
possess due to their inherent hydrophilicity. Chemical crosslinking of CNCs addresses this issue 
by providing aqueous stability to CNC-based structures, by facilitating the formation of covalent 
linkages between cellulose molecules as well as strong intramolecular H bonding in the network. 
CNCs can be obtained from multiple sources such as cotton, wood, hemp etc. and properties of 
CNCs depend on the cellulosic source and process conditions used for extraction. However, how 
these source-based differences in properties impact the way CNCs crosslink with different 
crosslinking agents and the resulting properties of crosslinked CNCs is still unknown. This study 
focuses on evaluating the effect of wood source on the physicochemical properties of crosslinked 
CNCs. Key biomedical applications for which CNCs are a promising material are discussed and 
the physicochemical and mechanical properties of crosslinked CNCs that render them attractive 
for such applications are closely examined. The results via dynamic light scattering (DLS), zeta 
potential measurement, rheology, Fourier transform infrared spectroscopy (FT-IR), and atomic 
force microscopy (AFM), provide insight into how the wood source influences the 
physicochemical properties of crosslinked CNCs. The study also highlights the significance of 
these differences and the potential for tuning crosslinked CNCs’ material properties for particular 
applications. 
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Chapter 1: Introduction 
1.1 Rationale and Significance 
There is a growing need for environmentally friendly materials in many industries. This 
need is accentuated by the necessity for materials that are less harmful to human health. The 
primary constituent of plant cell walls, cellulose, is a naturally occurring ubiquitous biopolymer. 
It is a linear polymer of poly-β-(1, 4)-D-glucose units (Figure 1). 
 
Figure 1. Schematic of a single cellulose chain repeat unit, showing β(1→4) glycosidic 
linkages and intrachain hydrogen bonding. Reproduced with permission from Moon et al., 
2011.  
Cellulose nanocrystals (CNCs) are rod-shaped, crystalline nanoparticles derived from cellulose 
after its amorphous regions are removed using different chemical, mechanical or enzymatic 
methods (Michelin et al., 2020; Mishra et al., 2018). Lately, CNCs have been of particular interest 
for biomedical applications, due to the biocompatible and non-toxic nature of cellulose (Sinha et 
al., 2015). There are multiple sources of CNCs, including plants, tunicates, bacteria, and algae. 
Wood is of particular interest as a cellulosic source because of its broad availability and high 
cellulose content, making it the most frequently used raw material for the synthesis and production 
of CNCs (Sinha et al., 2015). In the case of wood biomass, cellulosic material is first separated 
from the remaining matrix materials (e.g., hemicelluloses, lignin, fats, waxes, proteins, and 




to obtain pure cellulosic fibers (Figure 2). CNCs are then extracted from cellulose-rich pulp with 
an acid hydrolysis treatment (Jonoobi et al., 2015; Sinha et al., 2015) that preferentially dissolves 
the amorphous areas, leaving behind the crystalline regions (CNCs) (Figure 3). This process is 
often accompanied by mechanical treatment in order to obtain CNCs with desired properties (Lee 





Figure 2. Structural constitution and the hierarchical arrangement of cellulose chain 
leading to the formation of elementary fibrils, microfibrils and the cellulose fibers: (a) 
biomass source of cellulose (e.g., pine tree); (b) cross-section of the pine wood; (c) cross-
section of wood cellular structure, with primary and inner secondary wall thickening; (d) 
scanning electron microscope micrograph of milled pine wood after dilute acid (1% 
sulfuric acid) pretreatment, showing cellulosic fibers; (e) cellulose fiber structure; (f) cross-
section, showing origin of para-crystalline arrays of microfibrils. Reproduced with 






Figure 3. Extraction of cellulose nanocrystals from cellulose fibrils using acid hydrolysis. 
Reproduced with permission from Mishra et al., 2018.  
 
In addition to their biocompatible and non-toxic nature, multiple studies have shown that 
CNCs display appealing mechanical and barrier properties for biomedical applications such as 
tissue engineering, wound healing, and drug delivery. Moreover, CNCs can undergo surface 
modifications to obtain desired characteristics specific to each application (Jonoobi et al., 2015; 
Pelegrini et al., 2019; Sinha et al., 2015). However, some biomedical applications of CNCs, such 
as those involving their use in tissue engineering scaffolds, require CNC-based structures to be 
stable in aqueous environments and maintain their structural integrity over extended periods of 
time. Aqueous stability is a property that native CNCs do not possess due to their inherent 
hydrophilicity. When their surface chemistry is altered using appropriate crosslinking agents, 
structures made of CNCs can acquire the useful property of aqueous stability. 
Crosslinking is defined as connecting two or more molecules by chemical or physical 
bonds. Physical crosslinking creates non-covalent interactions between molecules, whereas 




agents.  Chemical crosslinking has been used to increase the stability of many cellulosic structures 
in aqueous environments. Crosslinkers create covalent linkages between cellulose molecules and 
facilitate the formation of a strong H-bonded network, thus providing improved aqueous stability 
to the structure (Arora et al., 2017; Yang & Cranston, 2014). Chemical crosslinking also improves 
the mechanical properties, such as tensile strength and viscoelastic properties of cellulosic 
structures (Brown, Laborie, & Zhang 2012). A variety of possible crosslinking agents, such as 
citric acid, epichlorohydrin, dextran dialdehyde and glutaraldehyde, can be used to accomplish this 
for structures made from CNCs through chemical crosslinking (Hirsch & Kokini, 2002; Reddy & 
Jiang, 2015; Yang & Cranston, 2014). However, most studies on crosslinking use CNCs and/or 
cellulose nanofibers (CNFs) derived from microcrystalline cellulose, a commercially available 
form of cellulose. As previously mentioned, multiple cellulosic sources can be used to obtain 
CNCs with different properties. Particularly, hardwoods and softwoods are commonly used raw 
materials for CNC extraction, especially in countries rich in forestry industries (Jonoobi et al., 
2015). These different wood species have intrinsic differences in their chemical and physical 
properties, resulting in differences in the properties of extracted native CNCs, such as particle size, 
thermal degradation behavior and mechanical strength (previous unpublished work in lab). This 
study is a step forward in that direction as we seek to evaluate how these intrinsic differences 
among wood species affect the properties of structures made of CNCs upon chemical crosslinking.  
The overall goal of my thesis is to investigate the effect of the wood species used to extract 
CNCs on the physicochemical properties of crosslinked CNCs. With the growing demand for such 
environmentally friendly materials, our study investigates the tunability of CNCs’ properties with 




manufacturers with the necessary knowledge to choose and use the best suited wood species for a 
specific application, depending on the properties of modified CNCs.  
1.2 Cellulose Nanomaterials 
1.2.1 Physical Properties 
Multiple studies have shown that CNCs have appealing physicochemical and mechanical 
properties. These properties vary with the source of CNCs and are influenced by the extraction 
and purification processes (Jonoobi et al., 2015; Pelegrini et al., 2019; Sinha et al., 2015). 
Nanomaterials are typically described as materials that have at least one dimension less than 100 
nm. CNCs have a degree of polymerization ranging between 90 to 110 (Hamad, 2017; Jonoobi et 
al., 2015; Pelegrini et al., 2019). Depending on the source, the length and width of CNCs can range 
between 50 to 500 nm and 5 to 50 nm, respectively (Sinha et al., 2015); consequently, the aspect 
ratio (L:D) of CNCs, an important property that impacts their mechanical strength, ranges between 
2 and 500. Another property that heavily influences the physicochemical characteristics of CNCs 
is crystallinity. The crystallinity index of CNCs, defined as the ratio of the amount of crystalline 
portion to the total amount of crystalline and amorphous portions, as well as their thermal 
degradation temperature, vary widely with cellulosic sources, ranging from 40 to 90% and 220 to 
500oC, respectively (Sinha et al., 2015). Additionally, CNCs have high porosity and elastic 
modulus (Yoshinaga et al., 1997), making CNC-based hydrogels valuable for biomedical 
applications as they can mimic the properties of human body tissues.   
1.2.2 Chemical Properties 
The basic structural unit of cellulose presents hydroxyl groups that can interact with each 




them hydrophilic and prone to hydrogen bond formation, and provides opportunities for surface 
modification (Pelegrini et al., 2019; Sinha et al., 2015). For example, molecules such as 
isocyanates, epoxides, acid halides, acid anhydrides, and silanes are frequently used to react with 
the free hydroxyl groups of CNCs to produce specific surface chemistries (Hamad, 2017). Most 
importantly, the possibility of surface modification makes CNCs highly attractive candidates for 
biomedical applications as it results in improved compatibility with hydrophobic polymer matrices 
(Dong & Roman, 2007; Jorfi & Foster, 2015; Sinha et al., 2015).  
1.3 Potential Biomedical Applications of Cellulose Nanocrystals 
CNCs are appealing for a wide array of biomedical applications, including tissue 
engineering, wound healing and drug delivery (Dong & Roman, 2007; Jorfi & Foster, 2015; 
Pelegrini et al., 2019; Sinha et al., 2015; Zhou et al., 2013). Sinha et al., 2015 presented a graphic 
that clearly depicts these applications (Figure 4). For example, studies have demonstrated that 
CNC-based wound-dressing materials enhance and accelerate the healing process for severe and 
complex wounds such as burns. Here, the biocompatibility of CNCs (their ability to be in contact 
with wounds without creating an allergic or toxic reaction) is crucial (Czaja, Young, Kawecki, & 
Brown, 2007). These studies serve as an essential illustration of the use of CNCs for clinical 
applications.  
In tissue engineering, designing medical implants requires a material that has properties 
resembling the tissue it substitutes or becomes a part of; it also requires biocompatibility and 
durability (Jorfi & Foster, 2015; Sinha et al., 2015; Zhou et al., 2013). CNCs are biocompatible, 
and their mechanical properties make them ideal for the design of some implants such as blood 




crucial prerequisite. For example, cells that secrete the cartilage matrix must be able to move into 
the material. Consequently, the pore size of the material must be big enough to accommodate these 
cells (Jorfi & Foster, 2015). The relatively high porosity of CNCs, which can be tuned depending 
on the source and hydrogel preparation conditions, is an advantage for such applications. 
Additionally, because of their high mechanical strength and their ability to incorporate multiple 
functional groups, CNCs can be used as reinforcing materials, in combination with other polymers, 
for bone tissue engineering applications (Sinha et al., 2015; Zhou et al., 2013). These findings 
indicate that CNCs show high potential for tissue engineering applications, although further tuning 
and chemistry modifications of CNCs might be necessary to obtain additional desired properties 





Figure 4. Schematic showing the potential applications of CNCs in biological and 
biomedical engineering. Reproduced with permission from Sinha et al., 2015.  
 
1.4 Cellulose Nanocrystals for Elastomeric Scaffolds 
Many tissues in the human body, including skin, lungs, arteries, and ligaments, have 
elastomeric properties. Elastomeric tissues have a wide range of mechanical properties. For 
instance, their elastic modulus can range from 0.1 Pa to 5 MPa (Yang et al., 2004). When 
dysfunctional, these tissues might need scaffolds to help the formation of new functional tissues. 
Elastomeric scaffolds are biomaterials that are engineered for that purpose. Scaffolds are typically 
required to be biocompatible and biodegradable. In other words, the host response to scaffolds’ 
implantation should be positive and their rate of degradation should be appropriate for the 
application. The optimal elastomeric scaffold should also allow for cell attachment and 
proliferation and possess physicochemical and mechanical properties that mimic the target tissue. 
The development of elastomeric scaffolds for tissue engineering should consider all these factors. 
Hydrogels prepared from biological materials are increasingly being used for such applications as 
their physicochemical and mechanical properties can be modified to fit the desired application. 
Cellulose nanocrystals can be used to form hydrogels. The ubiquitous, renewable and 
biocompatible nature of CNCs makes them an ideal candidate for elastomeric scaffolds (Birla & 
Ravi, 2014; Lee et al., 2014; Yang et al., 2004). In this study, we will focus on the properties of 
CNCs, such as surface chemistry and surface roughness, that render them exemplary candidates 
for elastomeric scaffolds in tissue engineering.  




Each of these potential biomedical applications of CNCs require specific material 
properties such as stability in aqueous environments as well as suitable mechanical properties 
(Brown et al., 2012; Rojas & Azevedo, 2011; Yang & Cranston, 2014). Chemical crosslinking, 
defined as connecting two or more molecules by covalent bonds through another molecule called 
crosslinking agent, is a method that has been used to increase the stability of many cellulosic 
structures in aqueous environments, and to improve their mechanical properties. This happens 
because crosslinkers create strong covalent linkages between cellulose molecules and result in 
extensive H-bond formation in the network, thus providing improved aqueous stability and 
enhanced mechanical properties (Arora et al., 2017; Brown et al., 2012; Yang & Cranston, 2014). 
Enhancing the water stability and the mechanical properties of films made from MCC, chemically 
crosslinked CNCs have been investigated in previous studies by our research group (data 
unpublished). MCC CNCs were used as a model to establish protocols of crosslinking CNCs with 
two crosslinking agents, glutaraldehyde (acidic) and epichlorohydrin (basic). A range of reaction 
conditions including temperature (40 to 60 °C), CNC (1 to 6 wt.%) and crosslinking agent (1 to 20 
wt.%) concentrations were tested to determine the optimum conditions to obtain the best degree 
of crosslinking of CNCs. This work has laid the foundation for crosslinking of CNCs to produce 
stable hydrogel networks with improved aqueous stability compared to that of native CNCs. In my 
work, I will be using the optimum conditions for each crosslinking agent to prepare CNC hydrogels 
using two wood species, pine (softwood) and sweetgum (hardwood), and MCC as the control 
starting material.  
 Epichlorohydrin (EC) is a short molecule (OCHCH2CH2Cl) with an epoxy group. EC is a 
good candidate because it has previously been used for the crosslinking of hydroxyl rich polymers 




linking agent uses the -OH groups to covalently bind the cellulose molecules together, shown in 
figure 5. EC reacts with cellulose through the formation of two ether bonds between two cellulose 
chains, usually between the hydroxyl groups at C3 and C6. The reaction takes place in a basic 
environment with NaOH as a catalyst. We should note that there is the possibility of the reaction 
of excess EC reacting with itself, resulting in the formation of glycerol instead of crosslinking 
bonds between cellulose (Huber et al., 2019; Pauliukaite et al., 2009; Rojas & Azevedo, 2011). 
 
Figure 5. Mechanism of crosslinking cellulose with EC. Adapted from Rojas & Azevedo, 
2011.  
 
Glutaraldehyde (GA) is a commonly used dialdehyde (OCH(CH2)3CHO) crosslinking 
agent. GA is a good candidate for chemical crosslinking because it has previously been used for 
the crosslinking of hydroxyl rich polymers such as starch and has shown effective crosslinking of 
MCC CNC in previous studies. GA may react with all four cellulose hydroxyl groups of cellulose 
to form an acetal, as shown in figure 6. The reaction takes place in an acidic environment, with 
HCL as a catalyst. We should note that GA is a homobifunctional crosslinker, meaning it possesses 




occur, and GA-GA linkages might form during the crosslinking reaction (Pauliukaite et al., 2009; 
Rojas & Azevedo, 2011). 
 
 
Figure 6. Mechanism of crosslinking cellulose with GA. Adapted from Rojas & Azevedo, 
2011.  
 
1.6 Effects of Wood Source on CNC Properties 
Cellulose nanocrystals can be obtained from a multitude of cellulosic sources such as 
plants, tunicates, bacteria, and algae. Particularly, CNCs can be extracted from wood. There are 
multiple wood species, available as waste generated from regular forestry operations, that can be 
utilized to obtain CNCs. All these species have intrinsic genetic differences that affect the 
properties of extracted CNCs. Wood is frequently used as a cellulosic source to produce 
nanocellulose because it is abundant, readily available. Also, multiple processes for the production 
of nanocellulose from wood have already been established and used (Moon et al., 2013). 
Additionally, we know that softwoods and hardwoods have intrinsic differences in terms of 
chemical composition, anatomical structure and fiber morphology (Pettersen, 1984). These 
differences influence the yields and strength properties of the wood pulp and thus should influence 




structural heterogeneity and chemical composition between wood species were also shown to 
influence the mechanical and optical properties of cellulose nanofibrils (Park et al., 2017). 
Previous studies in our group examined the effect of wood species on the physicochemical 
properties of CNC suspensions. Four wood species, including pine, sweetgum, oak, and poplar 
were used in these studies. Results showed that although many properties such polydispersity 
index, surface charge, and crystallinity were similar from one wood species to another, there were 
differences in overall particle size, thermal stability, and Young’s modulus of elasticity, which can 
have an impact on the final applications that CNCs are used for (Kandhola et al., 2019). These 
studies imply the possibility of an effect of the intrinsic differences between wood species on the 
properties of crosslinked CNCs or the crosslinking behavior of CNCs and constitute the basis of 
our investigation. 
1.7 Thesis Objectives 
As previously discussed, CNCs display a combination of properties that make them 
excellent candidates for multiple biomedical applications (Dong & Roman, 2007; Jorfi & Foster, 
2015; Sinha et al., 2015). Specifically, we’re interested in the application of CNCs for elastomeric 
scaffolds in tissue engineering. Previous work in our lab has examined the extraction of CNCs 
from multiple wood sources and the effect of the species on the physicochemical properties of 
obtained CNCs. A protocol for the chemical crosslinking of MCC CNCs has also been established, 
thus allowing for the stability of structures made of CNCs in aqueous environments. Although 
there are multiple sources CNCs can be extracted from, there is a lack of knowledge about 
crosslinking of CNCs extracted from wood. Our hypothesis is that the differences in inherent 
properties of CNCs extracted from different wood species will impact their crosslinking behavior 




evaluate the effects of wood species on the physicochemical properties of crosslinked CNCs. With 
the growing demand for such environmentally friendly materials, the potential for tuning the 
properties of the crosslinked CNCs by simply choosing the wood species is invaluable. 
Objective 1: Determine the effects of wood source on the viscoelastic properties of 
crosslinked CNCs 
The goal of this study is to uncover how the wood species used to obtain CNCs, affect the 
storage modulus, loss modulus, and viscoelastic behavior of crosslinked CNCs. This is important 
to mimic the viscoelastic behavior of most soft tissues and for the development of biomaterials for 
tissue engineering of elastomeric scaffolds (Cantini et al., 2020). We have chosen pine (a 
softwood) and sweetgum (a hardwood) as the two wood species to be examined, as they are 
common and readily available species that differ in their intrinsic properties. We will also compare 
the crosslinked CNCs from pine and sweetgum to the crosslinked MCC CNCs and use Excel as 
the statistical tool to evaluate the differences in the above-mentioned mechanical properties. 
Objective 2: Determine the effects of wood source on the surface properties of crosslinked 
CNCs 
The goal of this study is to determine how the wood species used to obtain CNCs affect 
the surface roughness and surface chemistry of the crosslinked CNCs. These are crucial for cell 
attachment and cell proliferation in tissue engineering of elastomeric scaffolds. We have chosen 
pine (a softwood) and sweetgum (a hardwood) as the two wood species we will examine, as they 
are common and readily available species that differ in their intrinsic properties. We will also 
compare the crosslinked CNCs from pine and sweetgum to the crosslinked CNCs from MCC and 










Chapter 2: Material and Methods 
2.1 Material and Sampling  
Cellulose nanocrystal suspensions were obtained from MCC, loblolly pine (Pinus taeda), 
and sweetgum (Liquidambar styraciflua) using the previously published method (Kandhola et al., 
2020). Process details are given in the next section. Pine and sweetgum were grown in the School 
of Forestry and Natural Resources at the University of Monticello, AR, while MCC was 
commercially obtained.  
2.2 CNC Preparation  
Pine and sweetgum stem wood was debarked and ground using a Tomas Scientific Wiley 
Mini-Mill (model 3383-L10, Swedesboro, NJ) and passed through a 20-mesh screen to obtain 
particles ranging 0.8–0.9 mm in size. Dilute acid pretreatment of the woods was conducted for 1 h 
at 150 °C in a 1-L stainless steel bench-top Parr reactor (model 4525, Moline, IL), at solids loading 
of 20% w/v and sulfuric acid concentration of 0.5% w/w (with respect to dry biomass). After that, 
the pretreated biomass was separated from the liquid fraction using vacuum filtration. Kraft 
pulping of the pretreated biomass was carried out at 170 °C in the same reactor, at solids loading 
of 20% w/v, effective alkalinity of 24% and effective sulfidity of 66% with a H-factor of 1500 for 
pine and 1100 for sweetgum. Then, the kraft pulp was separated from the liquid fraction using 
vacuum filtration. This was followed by two washings with 500 mL water to remove any residual 
lignin physically attached to the pulp. Elemental chlorine free (ECF) bleaching of the pulp was 
carried out in 1000 mL conical flasks in a water bath at 45 °C and 70 °C. It consisted of alternating 
treatments with chlorine dioxide, hydrogen peroxide and sodium hydroxide, until the residual 




air dried until moisture content was <5% (w/w) and then ground to the desired mesh size using the 
mini mill. The ground pulp was hydrolyzed at an acid-to-pulp ratio of 8:1 v/w. The reaction was 
carried out in a 1000-mL beaker placed in a water bath and the solution was constantly mixed at 
50 revolutions per minute (RPM) using an overhead stirrer. To stop the reaction, 10× water was 
added, and the mixture was stirred at 100 RPM for 10 min. The suspension was then centrifuged 
at 8346×g for 20 min and the volume of the supernatant recovered was recorded. The pellets were 
recovered and washed with 30 mL water, vortexed and then centrifuged before discarding the 
supernatant. The resultant pellet was re-suspended in water and the suspension was dialyzed for 
two days to remove residual acid and until the pH reached 7. The suspension was once again 
centrifuged to obtain CNCs and CSR as separate streams; CNCs formed a stable suspension in the 
supernatant, whereas CSR was obtained as pellet. Volumes and weights of each fraction were 
recorded, and samples were stored at 4 °C until further use.  
2.3 CNCs Crosslinking  
Two crosslinking agents were used; glutaraldehyde (GA) and epichlorohydrin (EC), to 
mimic acidic and basic reaction conditions. The CNC suspensions were diluted to 1% 
concentration (w/v) and equal volumes of the suspensions were sampled in three replicates for 
each wood species and crosslinking agent combination. Six samples for each species were 
prepared, in order to have three replicates per crosslinking agent.  
2.4 Experimental Design   
The CNC suspensions were thoroughly vortexed and crosslinked with two crosslinking 
agents, glutaraldehyde (GA) and epichlorohydrin (EC), using HCl and NaOH catalysts, 




concentrations (w/v) used were 10% GA and 1% EC, with incubation at 60 ºC and 150rpm for 16 
hours. 
 
Figure 7. Procedure of crosslinking CNCs. 
2.5 Characterization  
Zetasizer: The CNC suspensions from pine, sweetgum and MCC were examined for 
properties including average particle size, polydispersity index and zeta-potential, using a Zeta 
sizer. We determined these properties by preparing CNC suspensions at 0.025% (w/v) 
concentration, in triplicate using the Malvern Zeta Sizer Nano ZS (model ZEN3600, 
Worcestershire, UK). Diluted samples were sonicated in an ultrasonic water bath for 5 min before 
analysis.  
Rheometer: The crosslinked CNCs in gel form were examined by scooping a small volume 
of the gel on the plate of Discovery HR-3 rheometer from TA Instruments. Flow ramp and 
oscillatory frequency tests were conducted for each sample, and the Sisko model was used to fit 
the viscosity vs shear rate data.   
Atomic Force Microscopy (AFM): Each sample of the crosslinked CNCs was mounted on 




8). AFM images were obtained in dynamic mode using a Flex-Axiom from Nanosurf AG 
(Gräubernstrasse, Switzerland) with a Tap190AL-G cantilever having a nominal resonant 
frequency and spring constant of 190 kHz and 48 N/m, respectively. Additionally, root-mean-
squared (RMS) roughness of each sample was calculated using an open source software 
(Gwyddion) over four individual 3 μm x 3 μm regions. 
 
Figure 8. Crosslinked CNCs prepared for AFM imaging. 
FT-IR: Additionally, a small volume of each crosslinked CNCs sample, as well as the 1% 
CNCs suspensions (controls from each cellulosic source) was freeze-dried in glass tubes in order 
to form films (Figure 9). The freeze-dried samples were analyzed using a mid-infrared (MIR) / 
attenuated total reflectance (ATR)-FT-IR Frontier from Perkin Elmer (Boston, MA). The samples 
were constrained against a high-refractive-index diamond prism for direct measurements. Forty 
repetitive scans with a resolution of 4 cm-1 were performed on each sample. The FT-IR spectrum 






Figure 9: Freeze dried crosslinked CNCs from MCC, sweetgum and pine, with EC and GA, 
respectively.  
 
2.6 Statistical Analysis  
Excel was used to analyze the flow rate index, tan (delta), and surface roughness of the 
crosslinked CNCs. An analysis of variance (ANOVA) was conducted to establish if there is any 




Chapter 3: Results and Discussion 
3.1 Objective 1 
After the chemical crosslinking (Figure 10), the flow behavior of non-crosslinked and 
crosslinked CNCs from different sources was determined using a rheometer. As depicted in figure 
11 and figure 12, The obtained viscosity vs shear rate graphs show that for each source (MCC, 
pine, and sweetgum), the non-crosslinked CNCs suspensions displayed Newtonian fluid behavior 
i.e. the viscosity remained constant with shear rate, and after crosslinking, the CNCs displayed 
non-Newtonian fluid behavior i.e. the viscosity changed (decreased) with shear rate. This indicates 
that the crosslinking of CNCs was effective, because adding crosslinks between molecules creates 
resistance to flow, and resulted in elastomeric behavior (Young & Lovell, 1991). The Sisko model 
was used to characterize the flow behavior of each sample. The Sisko model provides adequate 
description of the flow behavior of non-Newtonian fluids over a broad range of shear rates, 
including higher shear rates. Therefore, the Sisko model has been known as an adequate expression 
of shear-thinning fluids such as cellulose suspensions. The Sisko model describes viscosity as 
follows: η = η∞ + K1[dγ̇/dt]n-1  (where η = viscosity, η∞ = infinite viscosity, K1 = consistency 
coefficient, n = rate index, and ?̇? = shear strain). Additionally, the real measure of a model is 
mathematical, namely the coefficient of determination (R2). This model highly fits the data, 
evident from the 0.99 coefficient of determination (R2). A bar chart comparison of the flow rate 
index (a measure of how non-linear the flow behavior curve is) indicated that after crosslinking, 
the viscosity at rest and low shear rates increased and flow rate index decreased, for all three 
sources (Figure 13). At higher shear rates, the viscosity approached negligible values of all 






Figure 10. CNCs from pine and sweetgum, before and after crosslinking.  
 
Figure 11. Flow behavior of CNCs, when crosslinked with EC, from the three sources. Non 






Figure 12. Flow behavior of CNCs, when crosslinked with GA, from the three sources. Non 
crosslinked CNCs’ flow behavior added as control.  
 
 
Figure 13. Flow rate index and percentage decrease after crosslinking. 
The ANOVA results (Table 1) showed that at p<0.05, there is a significant difference in 
the flow rate index of CNCs from one source to another. This difference can be explained by the 























zeta potential, as showed by DLS analysis. It is important to note that there is also a significant 
difference in the mean flow rate index between crosslinkers. Overall, the flow rate index of CNCs 
crosslinked with GA is higher than the flow rate index of CNCs crosslinked with EC, except in the 
case of MCC CNCs, meaning there is not a consistent trend. This is probably a result of the unique 
chemical interaction between each crosslinker and the CNCs. There are significant differences in 
the mechanism through which each crosslinking agent operates. First, glutaraldehyde crosslinks in 
acidic conditions whereas epichlorohydrin works in basic environments. EC reacts with cellulose 
through a formation of two ether bonds between two cellulose chains, usually between the 
hydroxyl groups at C3 and C6. GA reacts with the hydroxyl groups of cellulose to form an acetal 
(Rojas & Azevedo, 2011). Moreover, the interaction effect of source*crosslinker is also 
significant.  
Table 1. Analysis of variance of the mean flow rate index of crosslinked CNCs from one 
source to another 
 
Source of Variation SS df MS F P-value F crit 
Cellulosic source 0.005347 2 0.002674 37.95321 3.49E-07 3.554557 
Crosslinker 0.020812 2 0.010406 147.7198 6.79E-12 3.554557 
Interaction 0.005511 4 0.001378 19.5581 2.33E-06 2.927744 
Within 0.001268 18 7.04E-05 
   
       
Total 0.032938 26         
 
The oscillation frequency test of crosslinked CNCs provided us with the loss and storage 
moduli of each sample. Storage modulus is a measure of the elastic response of a material and loss 




modulus by storage modulus. This is an important rheological parameter as it is a measure of the 
degree of viscosity or elasticity of a material. If tan(delta) is > 1, the sample 
is more viscous than elastic, and vice versa when tan(delta) is < 1. The results showed that 
originally, CNCs from all sources are more viscous, evident from tan(delta) values approaching 1 
and the fluidity of CNC suspensions. However, MCC CNCs are even more viscous (tan-delta > 1) 
than the pine and sweetgum CNCs (tan-delta < 1). Once the CNCs are crosslinked, they are all 
more elastic, evident from tan(delta) values ranging between 0.1-0.5 and hydrogel like appearance 
of crosslinked CNCs, displaying a semi-solid state (Figure 14 and Figure15).  
 
Figure 14. Graph of tan (delta) for CNCs, crosslinked with GA, for the three sources. Non 






















Figure 15. Graph of tan (delta) for CNCs, crosslinked with EC, for the three sources. Non 
crosslinked CNCs’ tan (delta) added as control.  
ANOVA results of tan (delta) showed that there is a highly significant difference in the 
mean tan(delta) from one cellulosic source to another (Tables 2, 3, and 4). 
Table 2. Analysis of variance of tan(delta) of CNCs from different cellulosic sources (MCC, 
pine, sweetgum) – non-crosslinked  
 
Source of Variation SS df MS F P-value F crit 
Cellulosic source 12.98948 2 6.494742 49.5599 4.23E-12 3.204317 
Within sources 5.897175 45 0.131048 
   
       

























Table 3. Analysis of variance of tan(delta) of CNCs from different cellulosic sources (MCC, 
pine, sweetgum) – crosslinked with EC 
 
Source of Variation SS df MS F P-value F crit 
Cellulosic source 0.203935 2 0.101967 71.74926 1.01E-14 3.204317 
Within sources 0.063952 45 0.001421 
   
       
Total 0.267887 47         
 
 
Table 4. Analysis of variance of tan(delta) of CNCs from different cellulosic sources (MCC, 
pine, sweetgum) – crosslinked with GA 
 
Source of Variation SS df MS F P-value F crit 
Cellulosic source 0.028192 2 0.014096 55.74596 6.63E-13 3.204317 
Within sources 0.011379 45 0.000253 
   
       
Total 0.039571 47         
 
 The flow behavior and oscillation frequency tests performed showed that the flow rate 
index and the tan (delta) of crosslinked CNCs differ from one cellulosic source to another. A few 
clear trends are observed. First, the flow rate index of CNCs decreases after crosslinking. That 
percentage decrease varies from one cellulosic source to another. We know that zeta potential is 
indicative of the density of sulfonated groups on the surface of CNCs, which is inversely 
proportional to the amount of free hydroxyl groups. This variation in surface charge from one 
sample to another influences the degree of crosslinking of CNCs with EC and GA, which only 




crosslinking, due to lower OH content and resulting degree of crosslinking and lower the decrease 
in flow rate index. This correlates with what we see in the results and the DLS analysis of our 
samples (Table 5), where MCC has the highest zeta potential, followed by pine, and MCC has the 
lowest decrease in flow rate index after crosslinking, followed by pine.  
Table 5. DLS results of original non-crosslinked CNCs: particle size (Z-average), 
polydispersity index (PDI) and zeta potential (ZP) 
 
Sample Z-average (nm) PDI ZP (mV) 
MCC CNC 134.1 ± 30.89 0.419 ± 0.017 -39.7 ± 7.04 
Pine CNC 107 ±3.398 0.283 ±0.043 -30.2 ± 1.59 
SG CNC 108.3 ± 8.201 0.433 ± 0.038 -13 ± 2.09 
Significant difference between size, PDI and ZP from one source to another at alpha = 0.05 
***No Significant difference between pine and sweetgum in size 
***No Significant difference between pine and MCC in PDI  
 
Second, tan(delta) decreases after crosslinking across sources, showing that the crosslinked 
CNCs are more elastic than viscous, compared to the non-crosslinked CNCs. The explanation for 
these differences resides in the inherent properties of the CNCs. From DLS analysis, we know that 
there were significant differences in the particle size, polydispersity index and zeta potential of the 
CNCs from one cellulosic source to another. As per literature, each of these three factors is 
expected to have a particular effect on the flow behavior of the CNCs, when all other factors are 
kept constant. We expect to see lower flow rate index with smaller particle size (effect of size 
becomes less marked as shear rate increase), higher flow rate index with smaller zeta potential (for 
small particle size nm), and higher flow rate index with lower PDI (Hill & Carrington 2006; 
Maranzano & Wagner, 2001; Krieger & Dougherty, 1959). However, those factors from literature 




sulfonated groups at the surface of CNCs, which is inversely proportional with the number of 
hydroxyl groups at the surface of CNCs, and thus influences the chemical reaction. Hence, if we 
examine the DLS results of our CNCs, the observed results in terms of the differences in tan(delta) 
from one sample to another can be best explained by the factor of zeta potential.  
In summary, the viscoelastic behavior of crosslinked CNCs significantly differs from one 
cellulosic source to another and the observed differences can be attributed to the differences in 
zeta potential of CNCs derived from different sources. Surface charge density acquired by CNCs 
during a standardized acid hydrolysis process can differ from one source to another due to 
differences in the chemical composition of pulp. Our results indicate that surface charge is the 
most important property that influences degree of crosslinking and hence, the flow properties of 
crosslinked CNCs.  
3.2 Objective 2 
 The second objective consisted of evaluating the effect of wood source on the surface 
properties, such as chemical bond composition and surface roughness, of crosslinked CNCs 
examined through FTIR and AFM, respectively. FTIR is a chemical analytical technique used to 
identify certain organic and polymeric compounds. In FTIR, infrared light is used to irradiate 
samples and measure the amount of absorbed or transmitted light as a function of the wavenumber 
of light. The result shows a plot that corresponds to the chemical fingerprint of the sample, which 
enables us to identify the functional groups within the sample and deduce its chemical properties 
(Foster et al, 2018). Although quantitative information can be extracted from FTIR spectra, this 
study used FTIR mainly for qualitative analysis and as a comparative tool. The FTIR spectra of 




spectrum of cellulose nanomaterials. The obtained FTIR spectra of CNC controls (non-
crosslinked) match our expectations from literature (Foster et al, 2018). 
 
Figure 16. Assignments of IR bands corresponding to neat cellulose nanomaterials (Foster 
et al, 2018). 
 
 The FTIR spectra of CNCs generally remained the same after crosslinking with EC, with 
no shift in any peak (Figure 17). However, a slight increase in the intensity of peak 5 is observed. 
We know that Ether bonds peak generally fall between 1000 and 1300 cm-1. Also, EC reacts with 
cellulose through the formation of two ether bonds between two cellulose chains, usually between 
the hydroxyl groups at C3 and C6. This might explain the slight increase in intensity of peaks 5 
observed. Additionally, there is a significant increase in the intensity of peak 1. In cellulose, peak 
1 corresponds to stretching vibration bands of the O–H bonds of the primary and secondary 
hydroxyl groups and appears between 3000 and 3700 cm-1. Intramolecular or intermolecular 
hydrogen bond vibrations also appear at around 3432 cm-1 or 3342 cm-1. Peak 1 is used to calculate 
the Hydrogen Bond Intensity (HBI), the ratio between the absorbance band at peak 1 and peak 4. 
HBI is closely related to the structural integrity of the sample i.e. the degree of intermolecular 
interactions between individual CNC particles. The observed increase in peak 1 intensity can be 
attributed to an overall increase in hydrogen bonds in the network. It can also be attributed to the 




bonds between cellulose (Huber et al., 2019), despite the slight decrease in the content of free 
hydroxyl groups on C3 and C6. 
 
Figure 17. FTIR spectra of crosslinked CNCs with EC and controls (1% CNCs).  
 On the other hand, the FTIR spectra of CNCs remained relatively the same after 
crosslinking with GA (Figure 18), with a decrease in peak 1 after crosslinking with GA, which can 
be attributed to the high decrease in O-H bonds of cellulose to form an acetal. We can also note 
the appearance of a new peak at 950 cm-1, which can be attributed to an increase in C-H bond 
deformation and C-H vibration with the formation of an acetal and the self-conjugation of leftover 
GA that may have remained in the hydrogel even after washing. This might have been accentuated 
by the process of freeze drying the CNCs for FTIR analysis, instead of air drying, it was previously 
done in our laboratory group. Additionally, we know that GA reacts with the hydroxyl groups of 
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from 1200 to 1020 cm-1. However, these bands are often unresolved, meaning they overlap. This 
would further impact the differences we see in peak 5. Overall, the FTIR spectra showed that 
although a significant change was observed in peak 1 after crosslinking, there are no differences 
in the chemistry of crosslinked CNCs from one cellulosic source to another. 
 
Figure 18. FTIR spectra of crosslinked CNCs with GA and controls (1% CNCs).  
To further analyze the surface properties of crosslinked CNCs, Atomic Force Microscopy 
was used to obtain images as well as determine the surface roughness of CNC films. AFM is a 
type of scanning probe microscopy (SPM), with demonstrated resolution of the order of fractions 
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Figure 19. AFM images of crosslinked CNCs and controls.  
 The surface roughness of crosslinked CNCs varies from one cellulosic source to another, 
as shown in the graph below (Figure 20), and statistical analysis confirmed that differences were 
significant (Table 6).  
MCC SG PI 
xMCC GA xSG GA xPI GA 





Figure 20. Surface roughness of crosslinked CNCs and controls.  
Table 6. Analysis of variance of the surface roughness CNCs 
Source of Variation SS df MS F P-value F crit 
Cellulosic Source 8508.644 2 4254.322 3216.859 1.02E-23 3.554557 
Crosslinker 1561.521 2 780.7605 590.3635 3.88E-17 3.554557 
Interaction 1270.327 4 317.5818 240.136 2.37E-15 2.927744 
Within 23.80514 18 1.322508 
   
Total 11364.3 26         
 
 From the AFM results, we observed that crosslinked CNCs show a higher surface 
roughness compared to that of control samples, as expected from previous studies in our laboratory 
group. This can be explained by the fact that the introduction of crosslinks provides additional 
branches between cellulose molecules (intermolecular bonds), making them loosely packed, thus 
increasing the surface roughness. Our data showed that when crosslinked with GA, the surface 




























the lowest roughness. In contrast, when crosslinked with EC, the surface roughness of crosslinked 
sweetgum CNCs was higher than that of pine, with MCC having the lowest roughness. We know 
that higher the zeta potential, lower the amount of free hydroxyl groups on the surface of CNCs, 
which influences the degree of chemical crosslinking between CNCs. Additionally, previous 
studies have shown that the higher the degree of crosslinking, the higher the surface roughness of 
CNCs. From the initial characterization of our samples (table 5), we observed a significant 
difference in the zeta potential of our CNCs where MCC had the highest zeta potential, followed 
by pine and sweetgum. Thus, if we only took the factor of CNCs zeta potential into account, 
crosslinked CNCs extracted from sweetgum would have the highest surface roughness, followed 
by pine and MCC. However, we do not see that trend to be consistent in the results. This indicated 
that other factors, besides zeta potential, may influence this property. from literature, we know that 
the presence of lignin can decrease surface roughness of CNCs (Majeed et al., 2017). We also 
know that the lignin content (type and amount) differs from one source to another, and lignin, due 
to the presence of hydroxyl groups, also reacts with EC and GA (Rico-García et al., 2020; Shimizu 
et al., 2012). We believe zeta potential and residual lignin content are the two major factors 
influence the chemical crosslinking of CNCs, and hence their surface roughness after crosslinking. 
Thus, we can attribute the observed differences in surface roughness from one cellulosic source to 
another to an interaction between CNC purity and surface charge. This correlates with studies in 
which pulp purity was found to play a significant role in determining the quality of nanocellulosic 
materials (Rajan et al., 2020). Another notable observation is that sweetgum has the highest surface 
roughness for both crosslinking conditions and CNCs crosslinked with EC have a higher surface 
roughness for all sources. This is an interesting and important conclusion because it shows that 




the better crosslinker for such applications where surface roughness of the biomaterial is an 





Chapter 4: Conclusion and Future Work 
The goal of this study, which was to investigate the effect of the wood species used to 
extract CNCs on the physicochemical properties of crosslinked CNCs, was achieved. Our initial 
hypothesis was confirmed as significant differences in the physicochemical properties of 
crosslinked CNCs were observed, from one source to another. Namely, the flow rate index and 
tan(delta) of the crosslinked CNCs differ from one source to another, due to inherent differences 
in the zeta potential of the CNCs. This is important and for the development of biomaterials for 
tissue engineering of elastomeric scaffolds because they need to mimic the viscoelastic behavior 
of the target soft tissue. This study also showed that the surface roughness of the crosslinked CNCs 
differ from one cellulosic source to another, due to the zeta potential and the purity differences 
among CNCs extracted from different sources. Surface roughness is crucial for cell attachment 
and cell proliferation in tissue engineering of elastomeric scaffolds. The observed differences in 
the physicochemical properties of crosslinked CNCs suggest that there is a possibility of tuning 
the properties of structures made of CNCs by selecting the wood species used as cellulosic source.  
Because pine and sweetgum resulted in different properties of crosslinked CNCs in our 
study, it indicates that a broader array of hardwood and softwood species should be examined as 
cellulosic sources for the properties and potential applications of crosslinked CNCs. We know that 
softwoods and hardwoods have intrinsic differences in terms of chemical composition, anatomical 
structure and fiber morphology (Pettersen, 1984). These differences influence the yields and 
strength properties of the wood pulp and thus should influence the properties of CNCs extracted 
from wood pulp as well (Horn, 1974, 1978). For instance, Kandhola et al., 2019 examined four 
wood species, including pine, sweetgum, oak, and poplar. Results showed that although many 




species to another, there were significant differences in the average particle size, thermal stability, 
and mechanical properties, such as Young’s modulus of elasticity. Knowledge derived from such 
studies, including this study, could guide the exploration of other species and give some direction 
in the species selection process, based on the desired properties and target application of 
crosslinked CNCs.  
There is also a need to explore the specific effect each intrinsic characteristic of CNCs from 
different wood species has on the properties of crosslinked CNCs (keeping all other factors 
constant). Our results showed differences attributed to zeta potential and purity of the CNCs. An 
investigation of the purity differences of CNCs, using techniques such as nuclear magnetic 
resonance (NMR) and/or Raman spectroscopy, extracted from different wood species might be 
necessary. It would provide insight in the role of CNCs’ purity in our observed differences in the 
properties of crosslinked CNCs. For example, the type and amount of lignin present in CNCs from 
different species, as well as their interaction with each crosslinker can be evaluated. 
Additional properties of interest for tissue engineering of elastomeric scaffolds such as 
Young’s modulus and porosity should also be evaluated. For instance, Martin et al., 2015, 
examined the mechanical properties of ligament and tendon, giving a baseline requirement that 
needs to be matched during the development of new biomaterials. A study of crosslinked CNCs 
from different wood species could be conducted in future work to target their use in engineering 
specific tissue types. Furthermore, using crosslinked CNCs for tissue engineering of elastomeric 
scaffolds involves developing a safe, reliable and economical commercial-scale process to 
manufacture the “laboratory developed and tested material” on large scale. Thus, a commercial 
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